Calcium ions are involved in a large number of physiological processes, summarized in Table 1 [1]. Both inside and outside the cell, they occur bound to proteins as well as in the uncomplexed (`free') form ( Fig. 1 ) [1][2][3]. The intracellular [Ca2+] is much lower than the extracellular [Ca2+] [1, 4], and the affinity of intracellular binding proteins for calcium is correspondingly higher than the affinity of extracellular Ca2+-binding proteins [2, 3].
The mechanism of action of Ca2+ as an intracellular signal have become better understood following the development of techniques which enable changes in intracellular [Ca2+] to be measured. These include the use of injectable Ca2+-photoproteins, e. g., aequorin [12, 13] , and agents such as quin-2 ester, which enters the cell passively. Within the cell, quin-2 ester is broken down by non-specific esterase activity and thereby trapped as the free acid; this emits a fluorescent signal determined by the prevailing intracellular Ca2+ concentration [14] . Cellular mechanisms which lead to an elevation of intracellular [Ca2+] are also better understood, especially membrane signal transduction [15] ; and major Ca2+-receptor proteins (e.g., calmodulin) which mediate the Ca2+ signal have been identified [6, [16] [17] [18] .
In the resting cell, the intracellular [Ca2+] is between 1 and 2 x 10-' M, whereas extracellular [Ca2+] is about 10_3 M. Maintenance of this relatively low intracellular
[Ca2+] depends on the limited permeability of the plasma membrane to Ca2+ and on energy dependent mechanisms for extruding Ca2+ from the cell. There aree two active extrusion mechanisms, either a 3 Na+ : 1 Ca+ exchange, which is ultimately linked to Na+ extrusion through the plasma membrane Na+-K+ATPase, or a Ca2±:2H+ATPase [4] .
In the activated cell, intracellular [Ca2+] , increases to about '10-6 M. This pro-., vides the signal for eliciting the particular cel=lular response this may be a -metabolic In the first mechanism, ATPase effects the direct exchange of one Ca2+ for two H+. In the second, one Ca2+ is exchanged for three Na+ by a mechanism in which Na+ influx is indirectly linked to the extrusion of three Na+ and the influx of two K+, which depends on Na+/ K+-ATPase activity; the net effect is the exchange of one Ca2+ for two K+. CaBP= Calcium-binding protein.
change, cell movement (e.g., muscle contraction), mitosis, etc. (Table 1 ). This increase in cytosolic, ionized [Ca2+] depends on Ca2+ entry into the cell through specific Ca2+ channels in the plasma membrane and/or release of Ca2+ from one or more intracellular compartments [4] . Movements of Ca2+ between the extracellular and intracellular space, or between compartments within the cell, are believed to be initiated by depolarization of the cell or by agonist-mediated turnover of minor phospholipid components of the plasma membrane, the polyphosphoinositides [4, 15] . This is discussed later in relation to protein kinase C.
INTRACELLULAR Ca2+-BINDING PROTEINS
These proteins can be separated conveniently into two groups ( Table 2 ). The first consists of a family of related proteins, the functions of which are to regulate other enzymes and structural cell proteins. These include troponin C, which regulates striated muscle contraction [19] , and calmodulin [16] [17] [18] , a multifunctional Ca2+-binding protein with many target enzymes and proteins.
The second group consists of those intracellular enzymes the functions of which are directly affected by Ca2+ binding. Examples include the Ca2+-regulated enzymes of oxidative metabolism, e.g., pyruvate dehydrogenase via activation of pyruvate dehydrogenase phosphate phosphatase [20] , and protein kinase C [21] . Like cAMP-activated protein kinase, protein kinase C occupies a centrall position in regulating cell function by phosphorylation [21] .
These two groups of intracellular [Ca2+]-binding proteins will now be reviewed.
REGULATORY PROTEINS
Troponin C Troponin is a Ca2+-receptor protein which regulates both striated and cardiac muscle contraction. Together with tropomyosin it inhibits the myosin-actin-ATP interaction in the resting (relaxed) cell. In the stimulated cell, the increased cyto- Troponin itself is composed of three subunits, troponin C, troponin I, and troponin T. The troponin T subunit inhibits interaction of actin and myosin, whereas troponin C and troponin I interact to confer Ca2+ sensitivity on the actomyosin ATPase and to relieve the inhibition by troponin T. Troponin C is the Ca2+-binding subunit of the troponin complex and probably has unique function in responding to the Ca2+ signal in striated and cardiac muscle contraction [19] .
This review will consider in more detail the other members of the troponin C family of proteins, namely calmodulin, the calbindins, parvalbumins, and S-100 proteins.
Calmodulin
Unlike troponin C, calmodulin is a multifunctional regulatory protein.
In its Ca2+-bound form, it is able to interact with a large number of proteins, both enzymes and cytoskeletal proteins [16] [17] [18] . For this reason, calmodulin has come to be regarded as central to many of the intracellular actions of Ca2+.
Calmodulin is a single-chain polypeptide, with a molecular mass of approximately 17 kDa; it possesses four Ca2+-binding domains [16, 22] , each rich in amino acids with hydroxyl and carboxyl groups in their side-chains. Each domain has a characteristic X-ray crystallographic appearance termed the E-F hand, first described for carp parvalbumin [23] .
The structure of the Ca2+-binding domains in calmodulin is shared by troponin C, the parvalbumins, and vitamin D-dependent Ca2+-binding proteins ; these form a family of related Ca2+-binding proteins termed the troponin C superfamily, characterized by possession of the E-F hand structure. Other Ca2+-binding proteins shown in Table 2 , including the S-100 proteins, calcineurin B, myosin light chains, and oncomodulin, show amino acid sequence homology which predicts the possession of the E-F hand crystallographic structure. All these proteins are believed to have arisen by gene duplication from an ancestral protein with only one Ca2+_ binding domain. Thus, in proteins such as calmodulin, greatest homology is evident between Ca2+-binding sites I and III, and between sites II and IV [22, 24] .
The primary amino acid sequences of human and of several other mammalian calmodulins have been determined. These all show a high degree of sequence conservation, which extends even to calmodulins from other phyla [22] . Consistent with its proposed central role in intracellular Ca2+-signalling, calmodulin is a protein of widespread distribution, having been found in every mammalian tissue examined so far [16] [17] [18] .
The mechanism of action of calmodulin depends, as with troponin C, on the fact that significant Ca2+-binding only occurs at the higher intracellular [Ca2+] that is characteristic of the activated cell. Under these conditions, Ca2+-binding occurs in an ordered fashion; the two sites at the C-terminal end of the molecule are occupied first, and then the lower affinity sites at the N-terminal end. At least three conformers are generated [25] . Calmodulin undergoes a pronounced conformational change on Cat+-binding, exposing a hydrophobic domain which allows interaction with the receptor proteins [26] .
Enzymes which are activated by Cat+-calmodulin ( [27] .
The interaction of Ca2+-calmodulin with enzymes that regulate cyclic AMP formation and breakdown is also important [28, 29] . Indeed, the first definitive descriptions of the protein that later became known as calmodulin resulted from studies on the activation of brain cyclic AMP phosphodiesterase [30, 31] . In its turn, cyclic AMP influences events which depend upon Ca2+-calmodulin activation; these include synergistic effects both on glycogen breakdown and on some types of secretion (e.g., angiotensin II-induced aldosterone secretion), and an antagonistic effect on smooth muscle contraction. The various types of interaction between the cyclic AMP and the calmodulin second messenger systems have been summarized by Rasmussen [5] .
It has not yet been established how specificity is conferred upon the actions of Ca2+-calmodulin, given the large number of its target proteins. It is possible that the different Ca2+-calmodulin conformers regulate different targets [25] . Future work is likely to be directed at this problem.
Vitamin D-dependent Ca2+-binding proteins (Calbindins) One of the well-established actions of 1,25-dihydroxycholecalciferol (calcitriol) is the stimulation of Ca2+ absorption from the small intestine. There is good evidence that this action is linked to the induction of synthesis of a specific vitamin D-dependent Ca2+-binding protein by intestinal epithelial cells [32, 33] . In 1966 wasserman and Taylor [34] showed, by equilibrium dialysis and ion-exchange binding methods, that administration of cholecalciferol to vitamin D-depleted chicks enhanced the Ca2+-binding of crude extracts of intestinal mucosa. Subse- quently, a vitamin D-dependent Cat-binding protein (Mr 28 kDa) was isolated from chick intestine and found to contain four Cat-binding domains; sequence homology demonstrated its relationship to troponin C and other members of the troponin C superfamily [23] .
Two broad types of vitamin D-dependent Cat+-binding protein are now recognised. The higher Mr form, exemplified by the chick intestinal protein, is termed calbindin-28K. The lower Mr form (mol mass 9-10 kDa) has only two Ca-binding domains and is termed calbindin-1OK.-Calbindin-1OK is typified by human and other mammalian vitamin D-dependent intestinal proteins [32] .
In the intestine, there is strong evidence that calbindin is required for the adequate absorption of calcium. Thus, calbindin levels correlate closely with vitamin D dosage in rachitic chicks ; and, in turn, the amount of this protein correlates well with the extent of Ca2+ absorption [32, 33] . In rachitic animals, uptake of Ca2+ is enhanced by calcitriol, prior to epithelial transfer; this phase of epithelial cell accumulation of Ca2+ is associated with sequestration of Ca2+ by the mitochondria. However, with the appearance of calbindin, transfer of Ca2+ across the baso-lateral membrane of the epithelial cell takes place, with an associated release of Ca2+ from the mitochondria [32, 35] .
Calbindin occurs in kidney, where its expression is also regulated by calcitriol. Amongst mammals, it appears that some species possess calbindin-28g in the kidney; whereas in others, calbindin-1OK predominates [33] . Calbindins have also been demonstrated in brain, pancreas, placenta, and teeth [33, 36] . The precise functions of Calbindins in the kidney and in these other organs are not clear.
In the brain, immunoreactive calbindin-28g has been demonstrated in both the cerebral and cerebellar cortices and in many neurosecretory nuclei. The highest concentration of calbindin-28K occurs in the cerebellum, a region which lacks calcitriol receptors ; this observation is in agreement with reports which indicate that calbindin-28K biosynthesis in the brain is unaffected by vitamin D status [36] .
The S-100 proteins These are dimeric isoproteins (Mr 21 kDa) made up of two subunits, a and 3. These give two homodimers, as and ~ 8, and the heterodimer a j3, known respectively as S-l 00a0 , S-1 OOb, and S-1 OOa. Each subunit possesses one high-affinity Catbinding site, homologous to the corresponding site in the other members of the troponin C superfamily. Zinc ions are also bound with high affinity at sites which are, however, probably distinct from the Cat-binding sites [37, 38] .
The S-100 proteins are found chiefly in brain, although not exclusively so. They are largely cytosolic in location, only 10-15° being membrane-associated. Additional sources include lymphocytes, testis, and adipose tissue [37] .
The functions of the S-100 proteins have not been established. They inhibit microtubule assembly in the presence of micromolar concentrations of Ca2+ [39] . Effects on protein phosphorylation have been described; and Cat-dependent interaction with membranes, possibly influencing monovalent cation diffusion, has CALCIUM .BINDING PROTEINS 7 been reported [37] . In rat brain, Ca2+-dependent binding to and activation of fructose-l,6-bisphosphate aldolase have been described [36] . There is also evidence that S-100 proteins are secreted from cultured anterior pituicytes, adipocytes, and C6 glioma cells, as well as from brain [37] . If a target organ for S-100 proteins exists, it has not been identified.
In man, antisera against S-100 proteins have been used to identify and classify glial tumours. Measurement of S-100 proteins in cerebro-spinal fluid has been advocated as a non-specific marker of tissue damage in the central nervous system [40] , but the test has not been widely adopted for this purpose.
Parvalbumins
First isolated from extracts of muscle from lower vertebrates [41] , the parvalbumins are now known to be Cat+-binding proteins found in the skeletal muscles of probably all vertebrates, including man [42] . Several iso-parvalbumins have been identified from lower vertebrate muscle, but only one has so far been identified in mammalian skeletal muscle.
Parvalbumins are all acidic, Cat-binding proteins of Mr approx. 12 kDa; they have two Cat-binding sites per molecule. Data from X-ray crystallographic studies indicate the presence of three putative Cat+-binding domains, one of which has lost its Cat-binding ability through base deletion within the gene. It is believed that a fourth Cat-binding domain may have been completely deleted in the course of evolution [36] .
It has been suggested that parvalbumin is a relaxing factor for striated muscle contraction, temporarily binding Ca2+ before it is returned to the sarcoplasmic reticulum by Ca2+-ATPase activity, and that it is necessary for the short relaxation times characteristic of fast-twitch muscles [36] . Immunohistochemical staining for parvalbumin has shown that the fast-twitch, type IIA fibres stain intensely, whereas the slow-twitch, type I fibres are unreactive. In cross-innervation experiments, the conversion of slow-twitch to fast-twitch fibres is accompanied by an increase in parvalbumin mRNA and an increase in parvalbumin protein content [36] .
There is little evidence that parvalbumin, in the presence of Ca2+, regulates enzyme activity apart from one report that parvalbumin isolated from carp muscle activates human liver glucocerebrosidase [43] . No parvalbumin-binding proteins have been described in rat or human brain extracts using a gel overlay technique with [125I]parvalbumin, in contrast to experiments where labelled calmodulin has been used for this purpose [44] .
Parvalbumin has been identified in other organs, including brain, testis and kidney; its functions in these organs are unclear [36] .
Parvalbumin-like proteins
A number of parvalbumin-like proteins have been described in solid tumours and malignant cell lines [36] . One of these, oncomodulin, has been detected in about 85% of tumour cell-lines and solid tumours of mouse, rat, and man [45] .
Oncomodulin has also been reported to be present in the placental cytotrophoblast and may, therefore, be an oncofetal protein [46] . Oncomodulin, and two additional Cat-binding proteins which cross-react with anti-parvalbumin antiserum, have been isolated from three carcinoma cell lines derived from human squamous cell carcinomas of the larynx and tongue [47] .
The reasons for the appearance of these Cat+-binding proteins in malignant cells are unknown. To speculate, their presence may be related to the abnormal growth regulation by Ca2+ found in tumour cells. One characteristic of these cells is that they continue to proliferate in a medium with low Ca2+ content, under conditions where normal cells cease to divide [48] .
Other intracellular Ca2+-binding proteins Many other Ca2+-binding proteins have been described in a wide range of tissues and species; they have been given many descriptive names [36] . Many of these proteins are structurally similar and related to troponin C or to the other Ca2+-binding proteins already described. Until the relationships and possible identities of these Ca2+-binding proteins become clearer, however, terminology is likely to remain confused. For example, protein I from intestinal epithelium, calpactin I, and the substrate for the src kinase (pp36) are probably identical. Calpactin II, lipocortin, and the EGF receptor/kinase substrate (p35) may also be identical [7] .
There is little information about the functions of these various Ca2+-binding proteins. Nevertheless, it seems likely that the very diversity and complexity of this family of proteins reflect the many roles of Ca2+ as an intracellular messenger.
CALCIUM-REGULATED INTRACELLULAR ENZYMES
There are many enzymes which require a divalent cation for full activity. Sometimes this is Ca2+, sometimes it is Mgt+, and occasionally it is Mn2+ or some other cation. For some enzymes, the nature of the divalent cation is apparently unimportant [49] . Table 2 shows some of the more interesting enzymes that are regulated by Ca2+-binding.
Protein kinase C
This Ca2+-activated enzyme is implicated in many cellular secretory processes and in cell division [21] . It is widely distributed, brain having the highest activity. The enzyme displays similar kinetic and catalytic properties when isolated from different sources [21] .
Protein kinase C i s largely found in an inactive form in the cytosol. However, it may be loosely associated with the membrane in the native cell, being released during the preparative procedure. Upon cell stimulation, the enzyme is found in association with the membrane fraction after cell disruption, implying a Ca2+_ dependent translocation to the membrane or a tighter association with the membrane [50] .
The activity of protein kinase C depends upon phosphatidylserine and Ca2+ [21] . Phosphatidylserine is an absolute requirement for activation; other phospholipids will not substitute. An important property is the marked increase in its affinity for Ca2+ which occurs when diacylglycerol is present; the enzyme becomes maximally activated at resting cell intracellular [Ca2+] in the presence of diacylglycerol [51J. This observation is very important because the generation of the transient Ca2+ signal associated with membrane phosphoinositide metabolism is accompanied by release of diacylglycerol and, therefore, by activation of protein kinase C [15] .
One characteristic of protein kinase C activation is that its effects are sustained, despite the transient increase in diacylglycerol and despite the transient nature of the intracellular [Ca2+] increase [5, 21] , following polyphosphoinositide breakdown. The phosphorylated substrates of protein kinase C action are frequently resistant to phosphatase action, which accords with the sustained effects of protein kinase C activation [21] . It has been argued that activation of calmodulin, which depends on the transient elevation of intracellular [Ca2+], and of protein kinase C are both required in order to elicit the full secretory response [5] .
To investigate the role of protein kinase C in the coupling of stimulus and secretion, use can be made of synthetic diacylglycerols of the 1,2-sn configuration; these are able to permeate the cell and activate the enzyme [52] . Phorbol ester tumor promotors (e. g., 12-O-tetradecanoylphorbol-13-acetate or TPA), which resemble diacylglycerol in structure, also activate protein kinase C by cell permeation [53] . Using these agents, in combination with Ca2+ ionophores such as A23187, enables the native secretory response to be stimulated, with both immediate and sustained secretory components. Both types of agent are required, it is argued, to activate both the calmodulin and the protein kinase C components of the secretion pathway [5, 21] (Fig. 2) .
Protein kinase C may be important in cell division. Both the calmodulin and protein kinase C components of the signal pathway are required to promote DNA synthesis in human peripheral lymphocytes and act synergistically in their response [54] . Phorbol esters and diacylglycerol can also stimulate growth responses and induce the expression of certain gene products; these include r-interferon, plasminogen activator, and histidine and ornithine decarboxylase (required in polyamine biosynthesis) [21] . Proto-oncogenes such as c-myc and c-fos may also be targets of protein kinase C action [21] . Receptor protein phosphorylation by protein kinase C occurs at serine or threonine residues that may lie on the N-terminal of a basic lysyl or arginyl residue (cf., the cyclic AMP-dependent protein kinase A, which phosphorylates on the C-terminal side of a basic residue) [55] . Large numbers of phosphate acceptor proteins have been reported; these include glucose-metabolising enzymes (e.g., phosphorylase kinase and phosphofructokinase), cytoskeletal proteins, receptor, and membrane proteins. Among the membrane proteins, activation of Na+,K+-ATPase and Ca2+-ATPase have both been described. Stimulation of Na+-H+ ex-change, leading to alkalinization of the cytoplasm (which may be an important signal in cell division), has also been reported. Possible targets have been listed by Kikkawa and Nishizuka [21] .
Ca2+-regulated dehydrogenases in mitochondria
Intracellular [Ca2+] may be important in regulating the activities of certain mitochondrial enzymes, in addition to its effects on cytoplasmic enzymes such as phosphorylase`kinase [56, 57]. produced from phosphatidylinositol (PI) by a 2-stage phosphorylation of the inositol ring. The inositol 1,4,5-trisphosphate (IP3) which is generated leads to release of Ca2+ from microsomal stores. IP3 may be further metabolized to a variety of other inositol phosphates or re-incorporated into PI. The diacylglycerol (DG) which is also released is responsible for the activation of the C-kinase enzyme, which requires Ca2+ and phosphatidylserine (PS) for full activation. Diacylglycerol is involved in other metabolic processes or is re-incorporated into PI. The increase in intracellular [Ca2+] is required for binding to and activation of calmodulin (CaM). Both activated C-kinase (*) and activated calmodulin (Ca-CaM*) are necessary to elicit the cellular response via protein phosphorylation.
In addition to activation of the calmodulin-dependent protein kinase (PK), Ca2+-calmodulin activates other important regulatory enzymes, e.g., myosin light chain kinase (MLCK). For further details, see text.
Evidence is accumulating for an effect of Ca2+ on mitochondrial oxidative metabolism through its regulation of the three mitochondrial oxidative enzymes pyruvate dehydrogenase, NAD±-isocitrate dehydrogenase, and 2-oxoglutarate dehydrogenase. In vitro study has shown a direct effect of Ca2+ on 2-oxoglutarate dehydrogenase and NAD+-isocitrate dehydrogenase, with a large reduction in the Km of these enzymes for their respective substrates. The pyruvate dehydrogenase complex shows a more complicated regulation, by end-product inhibition and reversible phosphorylation. Its activity is reduced by phosphorylation brought about by pyruvate dehydrogenase kinase, and is stimulated by phosphatase activity; the phosphatase enzyme is activated by Ca2+ which increases the Vmax and decrease the apparent Km for Mg2+ [56] .
These three mitochondrial oxidative enzymes are also activated by an increase in the NAD/NADH and ADP/ATP ratios, but the effect of Ca2+ appears to be independent of these effectors. Hence, NADH production for subsequent oxidation by the respiratory chain can be stimulated without any prior increase in the NAD/ NADH or ADP/ATP ratios. This allows stimulation of oxidative metabolism to occur in parallel with other ATP-consuming events (e.g., secretion, cell division) which might be triggered by Ca2+.
Study of the half-maximal effects of Ca2+ has demonstrated activation of the isolated mitochondrial oxidative enzymes at around 10-g M Ca2+. These observations have been further supported by experiments on pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase using intact mitochondria. The [Ca2+] for halfmaximal activation is similar in uncoupled mitochondria to the concentration for the isolated enzymes, but is lower in coupled mitochondria which maintain a Ca2+ gradient across the inner mitochondrial membrane [56] .
Even stronger evidence for Ca2+-dependent stimulation of oxidative metabolism comes from studies with the perfused rat heart and liver. In these tissues, hormones which stimulate oxidative metabolism (e.g., adrenaline acting on the heart via p-receptors) lead to parallel increases in mitochondrial Ca2+ concentration. The changes in dehydrogenase activity persist during mitochondrial isolation provided that Na+ is omitted, thereby preventing mitochondrial Ca2+ efflux, and that EGTA is present throughout the isolation procedure [56].
Ca2+-dependent proteases
Many tissues contain protease enzymes that are active at neutral pH but which require both Ca2+ and a thiol reducing agent for full activity. These Ca2+-requiring cysteine proteases are given the generic name calpain [58] . There appear to be two classes, calpains I and II, which differ with respect to the Ca2+ concentration required for activation; calpain I is activated by low Ca2+ concentrations (2 x 10_6 M), whereas calpain II requires Ca2+ at 2 x 10-4 M for activation [58] .
Both classes of calpain are cytosolic enzymes. They are heterodimers, each consisting of one 83 kDa (calpain I) or 80 kDa (calpain II) subunit and one 29 kDa subunit. The amino acid compositions of calpains I and II are similar, there probably being identity of the 29 kDa subunit; the differences arise in the larger subunit [58] .
An inhibitory protein, termed calpastatin (Mr 280 kDa), has been described as an endogenous, cytosolic inhibitor of both calpains I and II [59] . Different tissues possess different ratios of calpain I /calpain II and varying amounts of calpastatin; the reasons for these differences are not known [58] .
Various cytosolic enzymes, cell receptors, membrane proteins and cytoskeletal elements have been shown to be potential targets for calpain action. However, the true physiological substrates for this enzyme system have not been determined [58] .
EXTRACELLULAR Cat+-BINDING PROTEINS
The extracellular Cat+-binding proteins can be conveniently divided into proteins which need vitamin K for Cat-binding (e.g., osteocalcin) and those which do not (e.g., albumin). Included among the vitamin K-dependent proteins are certain of the coagulation factors [9] which require Ca2+ for activation and bonespecific Ca2+-binding proteins such as osteocalcin [10] . Osteocalcin is discussed in this review, and those properties of albumin that relate to Ca2+-binding.
Osteocalcin
Osteocalcin, or bone Gla protein (PGP), was first recognized as a non-collagenous vertebrate protein found in bone and tooth dentine [60, 61] . It is an acidic protein (pI about 4.0). Its molecular mass is about 6 kDa and it contains three glutamate residues that have undergone post-translational modification by r-carboxylation, a vitamin K-requiring process. The sites of Ca2+-binding correspond to these r-carboxylated glutamate residues, each of which provides two-COON groups for Ca2+-chelation [10] . Osteocalcln is one of the most abundant non-collagenous proteins in bone, and is probably one of the twenty most abundant proteins in the animal body [10] . It is present in plasma, from which it is rapidly cleared by the kidney (t 1/2), about 5 min). It may be present at sites of ectopic calcification, including renal calculi and calcified atherosclerotic plaques ; r-carboxyglutamate has been demonstrated at these sites [10] . In man, osteocalcin levels in both bone and plasma are usually low, compared with other vertebrates [62] .
After bone demineralization, osteocalcin can be extracted with either EDTA or formic acid, and then isolated by gel-filtration and anion-exchange chromatography [10, 61]. The primary sequence of a number of vertebrate osteocalcins has been elucidated, including human. All show considerable sequence homology, especially between residues 16 and 31, the part which contains the three r-carboxyglutamate (Gla) residues [10] . Recently, a second Gla-containing protein with five Gla residues has been identified from bone; it is termed matrix Gla protein (MGP), and has clear sequence homology with osteocalcin [63] .
The coagulation factors show sequence homology between themselves, but no homology with osteocalcin. The vitamin K-dependent Cat-binding proteins have, therefore, probably arisen independently during evolution [10] . Evidence that osteocalcin is synthesized by osteoblast cells derives from studies with primary cultures of osteoblasts obtained from human trabecular bone, and from the synthesis of osteocalcin by cloned osteosarcoma cells with the osteoblast phenotype. Other evidence comes from immunohistochemical studies [10] .
Calcitriol exerts a regulatory effect on osteocalcin production from osteoblasts. For instance, the ROS 17/2 osteosarcoma cell line responds to calcitriol with a sixfold increase in the cell content and secretion rate of osteocalcin after 12-15 h; there is evidence of regulation at the transcriptional level [64] .
Administration of calcitriol intravenously to rats leads to about a fourfold increase in serum [ Osteocalcin has a relatively low affinity for calcium, as compared with the intracellular calcium-binding proteins already discussed. Three Cat+-binding sites with dissociation constants of around 2.5 mM have been described for bovine osteocalcin. The ability of osteocalcin to bind calcium is abolished by loss of the 7-carboxyl group, as occurs when the dried protein is heated [10] .
Osteocalcin displays high-affinity binding for hydroxyapatite; the dissociation constant is estimated to be 10-' M. A marked decrease in the affinity for hydroxyapatite occurs as a result of r-decarboxylation, and the two carboxyl groups of the r-carboxyglutamate side-chains are thought to be responsible for Cat+-chelation at the crystal surface. Osteocalcin is a potent inhibitor of hydroxyapatite crystal formation from supersaturated solutions of calcium phosphate in vitro, and it has been suggested that osteocalcin inhibits mineralization in vivo [10] .
Studies in warfarin-treated rats indicate that osteocalcin in plasma is derived from newly synthesized protein rather than release from bone by osteoclastic activity [67] . In man, serum [osteocalcin] is increased in conditions associated with increased bone turnover (e.g., Paget's disease of bone, renal osteodystrophy) and falls during treatment of these conditions [68] . Increases also occur when renal function is impaired although this appears to be significant only when the glomerular filtration rate is below 20 ml/min [69] .
Measurement of serum [osteocalcin] may prove useful in the diagnosis of postmenopausal osteoporosis. Results of other chemical investigations are generally normal in this common condition, but serum [osteocalcin] appears to be increased [70] .
The physiological functions of osteocalcin have not been precisely determined.
However, Price believes that it has a role as an inhibitor of bone mineralization. By exerting such an , effect, osteocalcin may reduce the movement of calcium and phosphate into bone and thereby conserve the [Ca2+] in the extracellular compartment. The osteocalcin concentration in plasma would then reflect osteoblast acvivity and the amount of osteoid, rather than the mineralization rate; this agrees with experimental data [10] . It has also been proposed that osteocalcin is involved in chemotaxis. Thus, chemotaxis of peripheral blood monocytes to osteocalcin has been reported. Also L-7-carboxyglutamate, released by degradation of osteocalcin, attracts monocytes. The monocyte population contains the precursor cells of macrophages and osteoclasts. These observations might indicate that osteocalcin has a role in the removal of dead bone, by the macrophages, or in stimulating bone resorption by osteoclasts [10, 71] .
Albumin
Only about 50% of the measured total calcium concentration in plasma exists as the free, ionized fraction (Fig. 1) ; it is this fraction which is subject to homeostatic regulation. The other 50% of the total calcium content of plasma is complexed to protein and small anions (e.g., phosphate) [2] . Albumin possesses multiple, low-affinity Ca2+-binding sites [11] and is by far the most significant Ca2+-binding species in plasma, accounting for about 80% of the complexed calcium [2] .
In order to accurately assess calcium status, a direct measure of the ionized Ca2+ would seem to be the best approach. The introduction of calcium electrodes for the direct measurement of [Ca2+] has been an important development in this regard. However, these potentiometric methods can give misleading results. Butler et al.
[72] found a significant positive regression of plasma [Ca2+] on [albumin] implying that the reference range for ionized calcium, established on individuals with normal plasma [albumin], may not be valid in hypoalbuminaemia or in hyperalbuminaemia. Problems related to sample handling, to the choice of calibrant, interfering cations, and matrix effects have also been described with calcium electrodes [2] .
As an alternative to the use of Ca2+ electrodes, measurements of total serum or plasma [ 
